An imbalance between excitatory and inhibitory neurotransmission has been linked to fibromyalgia (FM). Magnetic resonance spectroscopy has shown increased levels of glutamate in the insula and posterior cingulate cortex in FM as well as reduced insular levels of gamma-aminobutyric acid (GABA). Both of these changes have been associated with increased pain sensitivity. However, it is not clear whether excitatory and/or inhibitory neurotransmission is altered across the brain. Therefore, the aim of this study was to quantify GABA A receptor concentration on the whole brain level in FM to investigate a potential dysregulation of the GABAergic system. Fifty-one postmenopausal women (26 FM, 25 matched controls) underwent assessments of pain sensitivity, attention and memory, psychological status and function, as well as positron emission tomography imaging using a tracer for GABA A receptors, [ 18 F]flumazenil. Patients showed increased pain sensitivity, impaired immediate memory, and increased cortical GABA A receptor concentration in the attention and default-mode networks. No decrease of GABA A receptor concentration was observed. Across the 2 groups, GABA A receptor concentration correlated positively with functional scores and current pain in areas overlapping with regions of increased GABA A receptor concentration. This study shows increased GABA A receptor concentration in FM, associated with pain symptoms and impaired function. The changes were widespread and not restricted to pain-processing regions. These findings suggest that the GABAergic system is altered, possibly indicating an imbalance between excitatory and inhibitory neurotransmission. Future studies should try to understand the nature of the dysregulation of the GABAergic system in FM and in other pain syndromes.
Introduction
Fibromyalgia (FM) is a chronic pain condition, characterized by widespread pain, sensory hypersensitivities, and cognitive and affective disturbances. 13 An increased ratio between excitatory and inhibitory neurotransmission, measured using magnetic resonance spectroscopy (MRS) in the brain, has been suggested to contribute to FM. 15, 20 This perhaps explains symptom diversity through exaggerated gain setting. In support of an increased excitatory/inhibitory ratio, higher glutamate levels compared with control participants have been observed in patients with FM in the posterior insula, the posterior cingulate cortex, the ventrolateral prefrontal cortex, and the amygdala (systematically reviewed in Ref. 39) , some of which changes were related to increased pain sensitivity. Patient studies on inhibitory neurotransmission are less common, but one study reported reduced GABA levels in the insula in FM. 15 Animal studies support the notion that an imbalance between (increased) glutamatergic and (decreased) GABAergic neurotransmission in the insular cortex 46 or the anterior cingulate cortex (ACC) 54 is causally related to pain sensitivity by augmenting central pain processing.
Although useful to measure glutamate and GABA neurotransmitter levels in humans, MRS is associated with difficulties and disadvantages. 1 The resonance frequency of both molecules is close to the frequencies of other metabolites, which is why glutamate is often quantified together with glutamine and GABA together with macromolecules. In addition, the in vivo concentration of GABA (1-2 mM) is at the lower end of the detectable range for MRS, 42 potentially explaining why so few studies have quantified GABA levels in FM. Finally, voxel sizes in MRS are typically relatively large (on the order of several cubic centimeters), and data acquisition is relatively long, resulting in data on only 1 or perhaps 2 brain regions in most studies.
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Positron emission tomography (PET) using the tracer [ 18 F]flumazenil yields quantitative voxel-wise, whole-brain information on cortical GABA A receptors. Flumazenil binds to the benzodiazepine site of GABA A (but not GABA B ) receptors, which are densely expressed at inhibitory synapses in the cortex. 35 We reasoned that quantifying GABA A receptors using [ 18 F]flumazenil PET allows for investigation of a voxel-wise index of an important part of inhibitory neurotransmission. Cortical GABA A receptor concentration was compared between patients with FM and matched controls. We investigated whether GABA A receptor concentration is related to clinical characteristics of FM, including pain, sensitivity to mechanical stimuli, and functional, affective, and cognitive function. This work is a secondary analysis of a data set we have previously published on Ref. 38.
Methods

Participants
Twenty-six postmenopausal women with FM were included, with the diagnosis confirmed by an experienced rheumatologist (M.-A.F.) according to the 2012 Canadian Guidelines for diagnosis and management of FM. 13 Thus, patients with FM had to have chronic widespread pain for at least 3 months that was not explained by any other cause as well as sleep disturbances, fatigue, cognitive complaints, and/or other somatic symptoms and mood disorders to variable degrees. A group of 25 control participants was matched at the group level to the FM group for age, body mass index, education level, income, and physical activity level (based on the short version of the International Physical Activity Questionnaire 7 ). The McGill Institutional Review Board approved the study (certificate A08-M75-11B), and participants gave written informed consent before inclusion. Exclusion criteria for both groups were pain conditions other than FM, uncontrolled medical conditions, any diagnosed psychiatric or neurological disorders, body mass index greater than 30 kg/m 2 , and alcohol intake more than 15 glasses/week. There was no significant difference in alcohol intake between groups (controls had on average 2.7 6 4 units/week and FM patients 1.7 6 3 units/week, P . 0.3). Participants using benzodiazepine medication more than once a week were excluded. Participants using benzodiazepines occasionally (4 patients once a week, 2 patients biweekly) were off medication for at least 48 hours before the PET scan to avoid competitive binding with the radiotracer. Additional details on participants can be found in our previous report. 38 
Data acquisition and image processing
Participants took part in three 1.5-hour long sessions: one psychophysical/questionnaire session, one magnetic resonance imaging (MRI) session, and one PET session. Thirty-eight participants out of 51 had the 3 sessions within a 2-week period, 9 within 1 month, and 4 within 3 months.
The psychophysical/questionnaire session served to assess different diagnostic domains of FM, specifically pain sensitivity, affective disturbances through questionnaires, and cognitive function through 2 validated cognitive tasks. Participants were asked to mark their current pain level on an 11-point numeric scale ranging from 0 (no pain) to 10 (worst bearable pain) and to complete questionnaires on depression (Beck Depression Inventory 2 ), anxiety (Hospital Anxiety and Depression Scale 53 ), and functional status (Fibromyalgia Impact Questionnaire [FIQ], 3 patients with FM were instructed to refer to their clinical pain, and controls were given no specific instructions). Cognitive function of participants was assessed using the Attention Network Task 10 and the Auditory Consonant Trigram test 45 because it has been shown that memory and attention are the most affected cognitive domains in FM. 50 Finally, pressure pain threshold and pressure pain tolerance were assessed using a calibrated hand-held pressure algometer with a 1-cm diameter round tip applied at constant rate on the thumbnail of the nondominant hand. Participants verbally indicated when the first sensation of pain occurred (pain threshold) and when the pain became intolerable (pain tolerance level). The average pressure of 3 assessments was used as pain threshold and tolerance threshold, respectively.
In the MRI session, a structural scan was acquired for coregistration of PET images. T1-weighted images were acquired using a 3-Tesla Tim Trio Siemens MRI scanner (Siemens, Erlangen, Germany) with a 12-channel head coil and a 3D magnetization-prepared rapid acquisition by gradient echo sequence (repetition time 2300 ms, echo time 2.98 ms, flip angle 9˚, field of view 256 mm, 192 slices in the sagittal plane, resolution 1 3 1 3 1 mm, acquisition time: 10 minutes). Images from other MRI sequences were acquired, but the results are not presented here (see Ref. 38 for more details).
In the PET session, data were acquired using an ECAT High-Resolution Research Tomograph (Siemens Medical Solution, Knoxville, TN), which has a spatial resolution of 2.3 to 3.4 mm at full width at half maximum. The radiopharmaceutical [ 18 F]flumazenil was synthesized as published previously. 29 After a transmission scan for attenuation correction ( 137 Cs-source), approximately 370 MBq of [ 18 F]flumazenil was injected intravenously as a slow bolus over 60 seconds. List-mode data were acquired for 60 minutes after injection and were subsequently binned into fully 3D sinograms for a total of 17 time-frames (40, 20, 2 3 30, 3 3 60, 4 3 150, 3 3 300, and 3 3 600 seconds). Raw PET images were reconstructed by fully 3D-filtered back projection by a 3D-reprojection method and corrected for participants' head motion. The nondisplaceable binding potential (BP ND ) maps were computed because they represent the signal arising from the fraction of radiotracer that is specifically bound to the benzodiazepine site of GABA A receptors, using the idSURF method with the eroded white-matter segments as reference region. 17 Higher specific binding of [ 18 F]flumazenil can be due to higher receptor concentration or greater ligand affinity. 23 Because there is no evidence for GABA A receptors to be structurally different in FM, we refer to BP ND values as GABA A receptor concentration in the remainder of the article. Please note that subcortical regions are not well represented in the gray-matter mask because the pipeline was specifically designed for cortical gray matter. Resulting BP ND maps in the Montreal Neurological Institute standard space (ICBM152 30 ) was spatially blurred with a 7 3 7 3 7-mm full width at half maximum Gaussian smoothing kernel.
Statistical analyses
Pressure pain thresholds and tolerance, questionnaire scores, and performance in the attention network task were analyzed using independent-sample two-sided t-tests to compare patients with FM and control participants. A two-way repeated-measures analysis of variance was used to assess the interaction between performance for the different recall delays (within-subject factor Recall delay, 4 levels) and Group (2 levels: patients and controls) in the Auditory Consonant Trigram task, followed by pair-wise post hoc tests.
Whole-brain, voxel-wise statistical analysis was performed in SPM8 (revision 4667, Wellcome Trust Centre for Neuroimaging); a general linear model was applied to the BP ND maps to (1) compare FM patients with control participants, including age as a covariate of no interest and (2) investigate voxel-wise regressions with clinical scores and cognitive performance, including age as a covariate of no interest. For statistical inference, a voxel-based threshold of P , 0.001 uncorrected and a cluster extent threshold of k . 53, calculated in SPM8 based on the smoothness of the image and random-field theory, 49 were used. Voxel-wise regression analyses were considered exploratory in nature, and therefore, we did not correct for the number of regressions tested.
Results
Participants
Patients and control participants were well matched: no significant group differences were observed for age, body mass index, education level, income, and physical activity level ( Table 1) .
Increased pain sensitivity in patients with FM
Compared with control participants, patients with FM had higher current pain levels (mean 6 SD, controls: 0.7 6 0.9, FM: 4.7 6 2.2, T 5 8.8, P , 0.0001) and were more sensitive to pressure stimuli (pain threshold, controls: 5. (Fig. 1) . It is important to note that because the FIQ was administered without specific instructions to the elderly control participants, their scores likely reflect the impact of some sort of pain on their daily function. Indeed, some of the controls indicated some pain from, eg, osteoarthritis in the initial interview.
Delayed recall is affected but not attention in the FM sample
The Auditory Consonant Trigram test was used to assess immediate memory, and results showed that, in accordance with previous studies, 45 when a delay was introduced, patients with FM recalled a significantly smaller number of consonant letters compared with control participants. This is shown by the statistically significant interaction between Group and Recall Delay (F (3, 147) 
Upregulation of cortical GABA A receptor concentration in FM
In controls, the distribution of GABA A receptors was similar to what has been previously reported in healthy subjects with the highest concentrations in the visual cortex ( Fig. 3) . 28, 29, 47 Six clusters showed higher GABA A receptor concentration in patients with FM compared with controls, including the right precuneus/cuneus, superior frontal gyrus, right angular gyrus, middle occipital cortex, inferior parietal/supramarginal gyrus, and lingual gyrus ( Fig. 4 and Table 2 ). Mean cluster BP ND was 11% to 31% higher in patients with FM compared with control participants ( Table 3) . No region showed significantly lower GABA A receptor concentration in patients compared with controls.
GABA A receptor concentration is positively associated with clinical scores
GABA A receptor concentration was associated with functional impairment across the 2 groups, as shown by the whole-brain regression analysis of flumazenil BP ND onto FIQ scores. The pattern for this association overlaps with regions showing increased GABA A receptor concentration in patients ( Fig. 5) .
GABA A receptor concentration was also associated with participants' pain, as shown by the whole-brain regression analysis between GABA A receptor concentration and current There was no significant whole-brain correlation with attentional measures, pressure pain thresholds, or tolerance levels.
Discussion
In this study, we demonstrated for the first time widespread upregulation of GABA A receptors in patients with FM using [ 18 F]flumazenil PET to quantify GABA A receptor concentration. We showed that the binding potential of flumazenil was more than 10% higher in FM compared with control participants, reflecting a significant increase in GABA A receptor concentration. There was no significant GABA A receptor concentration downregulation in patients with FM. The observed change is almost certainly driven by neuronal GABA A receptors because the concentration of GABA A receptor mRNA in neurons is nearly 2 magnitudes greater than in astrocytes. 16 However, it is unlikely to be driven by increased concentration of neurons in the gray matter because we also observed GABA A receptor upregulation in regions without any significant gray-matter change. 38 Because GABA is the most abundant neurotransmitter in the brain and is involved in a myriad of brain functions, an upregulation of GABA A receptors across multiple brain regions could have important consequences. More specifically, GABA A (and not GABA B ) receptors contribute to cortical levels of excitability as demonstrated with short-interval intracortical inhibition. 31, 44, 52 In rodent chronic pain models, increased neuronal excitability and decreased inhibition have been demonstrated in the spinal cord 6 and in the brain, mainly in the ACC, 51 that were positively associated with pain sensitivity. 22 The present results are therefore in line with previous reports suggesting an imbalance between neuronal excitation and inhibition in FM and other chronic pain conditions. 48 There are several mechanisms that might underlie the observed increase in GABA A receptor concentration. Common to all explanations is a decrease in GABA neurotransmitter concentration: a decrease in GABA neurotransmitter would lead to a compensatory increase in receptor concentration 18 that we observed in FM. However, the increase in receptor concentration would still be insufficient because symptoms persist in FM. The notion of decreased GABA levels has been supported in the insula in diabetic neuropathy 36 and has been associated with higher pain levels in the ACC in knee osteoarthritis. 40 This is also Figure 1 . Mean pressure pain sensitivity and mean questionnaire scores for each group. Patients with fibromyalgia have lower pressure pain threshold and tolerance levels compared with control participants. Patients with fibromyalgia have higher pain, depression and anxiety scores, catastrophizing scores, and fibromyalgia impact scores compared with control participants. BDI, Beck depression inventory; CPL, current pain level; FM, patients with fibromyalgia; FIQ, Fibromyalgia Impact Questionnaire; HAD, hospital anxiety and depressions scale; PCS, pain catastrophizing scale; ***P , 0.001, **P , 0.005, *P , 0.05. Figure 2 . Impaired immediate memory in patients with fibromyalgia. Left panel, patients with fibromyalgia recalled fewer consonant letters compared with control participants as soon as a recall delay was introduced. Patients and control participants were both able to recall trigrams with no delay, but the longer the delay between test and recall (higher difficulty), the lesser the patients could recall the trigrams, which show a significant impairment of immediate memory in patients with fibromyalgia. Right panel, no difference was observed in the performance on the attention network task between patients with fibromyalgia and control participants. FM, patients with fibromyalgia; NS, nonsignificant, *P , 0.05. January 2020 · Volume 161 · Number 1 www.painjournalonline.com 77 supported by another PET study showing that flumazenil BP ND correlated inversely with plasma levels of GABA. 25 GABA levels could be decreased, for example, by a primary defect in (one of) the enzyme(s) that converts glutamate into GABA, ie, glutamic acid decarboxylase, 14 which would increase glutamate concentration and result in lower GABA concentration. As outlined in the introduction, increased glutamate levels have indeed been observed in FM and other chronic pain conditions. 11, 15, 20 Alternatively, GABA A receptors might become excitatory instead of being inhibitory 21, 41 because of a change in the neuron's depolarization pattern and as has been described for the spinal cord in rodent models of chronic pain. 4 In this scenario, GABA neurotransmitter production would be reduced to compensate for the switch from inhibition to excitation. As described above, decreased GABA levels in chronic pain have been observed in certain brain regions using MRS, specifically the insula and the ACC. Presumably, these areas were investigated because they are important pain-processing regions. 33, 37, 43 Our study replicates the findings of increased GABA A receptor concentration in the ACC and the insula.
However, because it afforded a whole-brain analysis approach, impossible with MRS, increases in GABA A receptor concentration were observed in additional brain regions. The regions with increased GABA A receptor concentration seem to belong to 2 main brain networks: the attention network (superior frontal gyrus and supramarginal gyrus) and the default-mode network (precuneus and medial prefrontal cortex). Interestingly, enhanced connectivity between the medial prefrontal cortex, a key node of the default-mode network, and other regions of the default-mode network has been linked to patients' degree of rumination about their pain. 27 Furthermore, intrinsic connectivity within the defaultmode network has been observed to be inversely related to GABA levels in the default-mode network. 24 Therefore, our findings of increased GABA A receptor concentration in the default-mode network and perhaps the attention network might reflect the hypervigilance and impaired disengagement from pain commonly observed in FM and other chronic pain conditions. 13 However, it should be noted that we did not observe a (linear) relationship between GABA A receptor concentration and catastrophizing scores or performance in the attention network task, which should at least partly be related to hypervigilance and impaired disengagement. Nevertheless, increased GABA A receptor concentration was positively correlated with functional status (FIQ score) and current pain levels, and negatively correlated, in the hippocampus, with performance in the memory task, indicating that there likely is a clinical relevance of altered receptor levels. This notion is supported by the observation that intracortical inhibition, as measured with short-interval intracortical inhibition, is reduced in FM and correlates with fatigue. 32 It is important to point out that because the correlations observed between GABA A levels and clinical measure are present only across groups, it does not appear that an imbalance between increased excitation and decreased inhibition is specific to FM but might be a common feature across different types of chronic pain. Indeed, increased insular glutamate levels have been reported in painful diabetic neuropathy 36 and migraine. 5 Decreased GABA levels have been reported in the insula in painful diabetic neuropathy, 36 and GABA levels have been associated with higher pain levels in the ACC in knee osteoarthritis. 40 Also, in this study, the scatter plots of the correlations of GABA A receptor concentration and FIQ scores, respectively, current pain levels, clearly show that some degree of functional impairment/current pain in the controls (eg, back pain, osteoarthritis, and ankle pain) contributed to the significant correlation. Thus, it is unlikely that dysregulation of excitatory and inhibitory neurotransmitter systems constitutes the etiology of FM or of any other pain condition for which increased glutamate/decreased GABA has been reported. Rather, it might be a factor contributing to the maintenance of various symptoms across different chronic pain conditions. Importantly, it might be a factor that can be therapeutically targeted. For example, pregabalin, which blocks the voltage-dependent calcium channel and involved in glutamate release through an increase in Ca 21 influx, 8, 12 has been shown to reduce glutamate levels in the posterior insula of patients with FM, 19 and memantine, an NMDA receptor antagonist, improved symptoms in FM compared with placebo. 34 
Limitations
This study has some limitations that should be noted. Although using [ 18 F]flumazenil PET to measure GABA A receptors has the advantage that it allows whole-brain (cortical) quantification, it does not directly measure GABA levels. Nevertheless, the observed GABA A receptor alterations indicate some sort of dysregulation of the GABAergic system, perhaps resulting from reduced GABA levels. To truly comment on an altered imbalance between increased excitatory and decreased inhibitory neurotransmission, concentrations of inhibitory and excitatory neurotransmitters ought to be measured. Furthermore, GABA A receptor concentration was not measured in subcortical areas or in the spinal cord, and GABA B receptor levels cannot be assessed with flumazenil. This limits our interpretation of the present results as different neurotransmitter systems in different regions could interact to result in the observed increase in cortical GABA A receptor levels. In addition, measuring GABA A receptors in vivo in humans is a coarse measurement and does not reveal subcellular or molecular processes. Indeed, different diseases have been related to decreased GABA levels in the brain (reviewed in Ref. 42 ) that might be related to different pathophysiological mechanisms. However, macro-level findings often seem to reflect finer metrics of GABA function and Mean (SD) Z-score for each cluster significantly different between control participants and patients with fibromyalgia, for each group, and percentage of increase in BP ND from controls to patients; L, left; R, right. provide a link between up-stream biochemistry and macro-level behavioral function. 9, 42 In addition, there could be instances in which it is sufficient or even advantageous to target more downstream processes, for example, because of redundant or compensatory neurobiological pathways. In support of this notion, (spinal) administration of GABAergic compounds shows considerable promise to reverse pain phenotypes in animal models. 26 
Conclusion and perspectives
We show that cortical GABA A receptor concentration is upregulated in FM and associated with pain levels and function. This upregulation occurs in a widespread network of brain regions and is not restricted to typical pain-processing regions. This finding adds evidence to the imbalance between excitatory and inhibitory neurotransmission hypothesis, which seems to apply to different chronic pain conditions. Future studies should test for glutamate and GABA neurotransmitter levels as well as the expression of receptors in the same patients, ideally in longitudinal designs, to further investigate the imbalance hypothesis.
